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Nile tilapia (Oreochromis niloticus) is one of the most important commercial freshwater fish in
China, and dietary transition occurs in their different life stages. The gut microbiota is important
to host health. The relationships among the diet, gut microbiota, and development of tilapia
are not well known. In the present study, we attempted to understand how diet is associated
with microbiota community dynamics during the development of tilapia. The first experiment
was performed under standard laboratory feeding operation to determine the effect of diet
transition on intestinal microbiota. In the second experiment, tilapia were fed with Artemia or
plant-based dry (PBD) food from the fish started feeding to their late juvenile stage (90 days
post-fertilization). The results in the first experiment showed that feeding habit transition in
juvenile fish had a low effect on the microbiota of the tilapia intestine. In the second experiment,
plant-based food negatively affected the survival rate and intestinal development of tilapia. The
phylum Planctomycetes was dominant in juvenile fish fed PBD food. The phylum Fusobacteria
was dominant in the juvenile fish fed Artemia. At the genus level, Gemmobacter, Pirellula, and
Planctomyces, belonging to the phylum Planctomycetes, were significantly abundant in the
guts of fish fed the PBD food diet. Cetobacterium of the phylum Fusobacteria was dominant
in juvenile fish fed Artemia. Thus, we can conclude that diet types have a great effect on the
microbiota of tilapia intestine in their early life stages. The intestinal microflora of tilapia was
established in juvenile tilapia, approximately 2 months after hatching. Our results provide
useful information for the experimental design of studies on the microbial community of the
tilapia gut. We suggest that modulation of gut microbiota of tilapia could be performed in their
early life.
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INTRODUCTION

The intestinal microbiota is considered an additional ‘organ’ of
fish, which has beneficial effects on nutrition, development, and
immunity (Ghanbari et al., 2015; Wang et al., 2018). These are of
vital importance regarding fish health. Many researchers have
reported that the community structure and function of the fish
intestine are related to their diet (Ringo et al., 2016; Wei et al.,
2018; Villasante et al., 2019). However, the gut microbiota could
be modulated by dietary manipulations as well as by host factors,
environmental factors, microbial factors, and individual
variations (Ringo et al., 2016). To reduce these effects on the
gut microbiota, we conducted research on the intestinal
microbial community of a single large sibling all-male group of
Nile tilapia (Oreochromis niloticus) throughout development.

Nile tilapia are one of the major fish in tropical and
subtropical freshwater (Negassa and Prabu, 2008). Due to their
high tolerance to environmental conditions and omnivorous
feeding habits, tilapia have become one of the most important
commercial fish in several countries throughout the globe,
particularly China (Fishery Bureau, 2020). Tilapia have been
recorded to undergo dietary transition (Le Roux, 1956; Ibrahim
et al, 2015; Tesfahun and Temesgen, 2018). The fry prefer
zooplankton (Le Roux, 1956). Juvenile tilapia depend on
animal-based food, e.g., zooplankton and insect larvae, whereas
adults feed mainly on macrophytes followed by phytoplankton
(Tesfahun and Temesgen, 2018). Previous research found that
eggs, rearing water, and live feed are possible sources of the
intestinal microbiota of fish larvae (Wang et al., 2018). A study
on zebrafish showed that fish development affected the intestinal
microbial community (Stephens et al., 2016). The intestinal
microbiota of blunt snout bream (Megalobrama amblycephala)
was influenced by feed transition across development (Wei et al.,
2018). Thus, diet and physiology over fish development probably
interact, and both are involved in the establishment of
intestine microbiota.

During the last decade, to reduce the use of fish meal and oil,
sustainable alternative protein sources have been increasingly in
demand in the aquaculture industry (Morais et al., 2012; Hansen
and Hemre, 2013; Ringo et al., 2016). In the present study, we
attempted to determine how diet-associated microbial
communities change with the development of tilapia to reveal
the possibility of using a plant-based diet for tilapia culture
throughout their entire life. One experiment was performed
under standard operating tilapia husbandry practices
(Fujimura and Okada, 2007) to understand the effect of the
diet transition on the gut microbiota, in which tilapia were fed
with Artemia until 40 days post-fertilization (dpf). Then, dry
pelleted food with fish meal was added to the diet to avoid
interindividual variance in growth, and in that case, bigger fish
could feed on both Artemia and dry pelleted food, while smaller
fish feed on Artemia. After 60 dpf, tilapia were fed dry pelleted
food with fish meal. In another experiment, to determine the
effect of different diets on the establishment of gut microbiota,
tilapia were fed with artemia or plant-based dry (PBD) food from
fish started feeding to 90 dpf. The results will provide
information on how diet affects the microbiota of tilapia

intestine across development, and novel insights into the
modulation of the gut microbiome of tilapia.

MATERIALS AND METHODS

Experimental Design and

Sample Collection

Experiment I: To reduce the potential impacts of host genotypic
variation, we used offspring from a single mating pair in the
experiment. All-male tilapia were obtained by crossing YY super-
male tilapia with XX females, in which the genotypes of females and
males were confirmed by sex-related molecular markers developed in
our laboratory. The intestinal microbiota of oftspring of a pair of adult
Nile tilapia parents at multiple stages in their development was
analyzed using high-throughput 16S rRNA gene sequencing. The
oftspring (all male) were cultured in glass tanks (45 cmx 35 cmx
35 cm) with three replicate tanks and 120 fish per tank. The fish were
raised in a way reflecting commonly operated tilapia husbandry
practices for indoor experiments (Fujimura and Okada, 2007) in an
recycling aquaculture system with a water exchange rate of 6 m*/h.
Tilapia were fed with Artemia from 11 dpf to 59 dpf. From 40 dpf, dry
pelleted food was added to their diet to avoid interindividual variance
in growth. From 60 dpf, tilapia were fed with totally dry pelleted food.
Artemia was offered twice a day (1 nauplii/ml water volume) from 11
dpf (Drossou et al., 2006), and the amount was increased to 2 and 4
nauplii/ml water volume from 20 and 30 dpf. Dry feed was offered
twice a day with 5% of the mean wet body weight from 40 dpf, and
the amount was increased to 10% of the mean wet body weight from
60 dpf. Live Artemia were hatched from Artemia salina egg
(Fengnian Aquaculture Co., Ltd, Tianjin, China) at 28°C for 24 h.
Dry pelleted food (Nanhai Jieda Feed Co., Ltd,, Foshan, China)
contained 30% protein. During the whole experiment, water
temperature was 27.5 + 0.5°C. pH was 7.20 + 0.10. Light: dark
period was 121:12D. Total nitrogen (TN), ammonia nitrogen (NH,-
N), and nitrite nitrogen (NO,-N) content of water of the system was
0.22 +0.05 mg/L, 0.10 + 0.03 mg/L, and 0.01 + 0.002 mg/L. TN, NH,-
N, and NO,-N levels in water were determined weekly using the
spectrophotometric method according to Chinese Environmental
Quality Standards HJ 636-2012, HJ 535-2009 and GB 7493-87.
The dissolved oxygen (DO) concentration of water was 5.90 + 0.90
mg/L. DO and pH were measured by multi-parameter system
(HQ2100, Hach, USA). Tilapia and tank water were sampled at
multiple time points to catch vital nutritional transitions: when fish
relied on egg yolk for nutrition (11 dpf, before feeding), fish were fed
Artemia (15, 20, and 40 dpf), dry pelleted food was added to the fish
diet (60 dpf), and fish were fed dry pelleted food (90 dpf; Figure 1A).
We sampled the intestines of multiple fish at each time point,
resulting in 24 fish per time point for ages 11 and 20 dpf and 9
fish per time point for ages 40 to 90 dpf. The ingredients of the dry
pelleted food diet are shown in Table 1.

Experiment II: Offspring (all male) from a single mating pair
were used in the experiment. The offspring were split evenly
among six glass tanks (40 cmx 32 cmx 32 cm), with three
replicate tanks for each group and 80 fish per tank. The fish in
group one were fed Artemia, and the fish in group two were fed
PBD food from 11 dpf (Figure 1B). The ingredients of the PBD
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food are shown in Table 1. The PBD food was grounded with
mortar and pestle and sieved to a proper particle size according
to the fish size. Feed was offered twice a day with 10% of the
mean wet body weight. Water temperature was 26.50 + 2.10°C.
pH was 7.40 + 0.20. Light: dark period was 12L:12D. Tank water
was changed every week. TN, NH,-N, and NO,-N content of
water of the system was 0.45 + 0.12 mg/L, 0.30 + 0.10 mg/L, and
0.02 + 0.005 mg/L during the whole experiment. DO of tank
water was 5.20 £ 0.50 mg/L. Fish were sampled at 11 dpf (before
feeding), 20 dpf, 40 dpf, 60 dpf, and 90 dpf. The intestine of 24
fish per time point for ages 11 and 20 dpf and nine fish per time
point for ages 40 to 90 dpf were sampled. The mortality of fish
was recorded.

TABLE 1 | Ingredients and chemical compositions of dry food diets (dry matter,
g/kg diet).

Ingredient (g/kg diet) Diet in Experiment Diet in Experiment Il (PBD

| food)
Fish meal’ 150 0
Soybean meal’ 300 75
Rapeseed meal’ 225 140
Vital gluten 270 730
Soybean oil 20 20
Vitamin premix® 10 10
Mineral premix® 10 10
Monocalcium 12 12
phosphate
Choline chloride 3 3
Total 1000 1000
Dry matter 6% 7%
Ash 6% 10%
Crude protein 30% 17%
Crude lipid 10% 5%
Crude fiber 8% 15%

"Crude protein content: fish meal: 60%; soybean meal: 35%; rapeseed meal: 30%; vital
gluten: 14%.

2Containing the following (/kg vitamin premix): Vitamin A, 10,000 I.U.; Vitamin D, 1500 1.U.;
Vitamin E, 0.1 g; Vitamin C, 0.5 g; thiamine, 2.0 g; riboflavin, 0.9 g; pyridoxine HCI, 0.1 g;
vitamin B-12, 0.9 g, menadione sodium bisulfite, 0.1 g; retinyl acetate, 0.6 g,
cholecalciferol, 0.1 g; dl-a-tocopherol-acetate, 0.1 g.

SContaining the following (g/kg mineral premix): CuSO4-5H,0, 1.2; FeSO,7H,0, 6.5;
MnSO4-H20, 1.5; KIO3z, 0.3; ZnSO4:7H20, 1.2; Ca(H2PO.4)2-2H20, 0.1.

Fish age (dpf) 60 90

60-A 90-A

Add dry food to diet Fed dry food

Fish age (dpf) 60 90
Fed Artemia

sample ID: 11-B=
Fed PBD food

FIGURE 1 | Experimental design. (A) Experiment | studied the effect of diet transition on the gut microbiota of tilapia. (B) Experiment Il studied the effects of diet on
the intestinal microbiota of tilapia after the first feeding. (A) 11-A, 15-A, 20-A, 40-A, 60-A and 90-A: tilapia at 11, 15, 20, 40, 60 and 90 dpf in Experiment I. (B) 11-B:
tilapia at 11 dpf in Experiment Il. 20-B1, 40-B1, 60-B1, and 90-B1: tilapia at 20, 40, 60 and 90 dpf fed Artemia in Experiment Il. 20-B2, 40-B2, 60-B2, and 90-B2:
tilapia at 20, 40, 60 and 90 dpf fed PBD food in Experiment Il. The same applies below.

Tilapia from each time point were sampled from the facility
before they were fed between 9 and 10 a.m. of the sampling day.
The intestines were put into 2 ml screw cap tubes, frozen in liquid
N, and preserved at -80°C in a refrigerator before DNA extraction.
Two hundred ml of water per tank was sampled. Water samples
were filtered through a 0.22 um cellulose nitrate filter. The filter
was preserved at -80°C in a refrigerator for DNA extraction.

All tilapia experiments were performed in conformity with
the Ethical Committee for Animal Experiments of Pearl River
Fisheries Research Institute, Chinese Academy of Fishery
Sciences, China. All tilapia experiments followed the guidelines
of the Animal Welfare Council of China.

Intestinal Histology

Fish samples at 20 dpf and 40 dpf in Experiment II were collected
and maintained in 4% formalin-buffered saline solution. Then,
the whole fish samples were prepared for paraffin embedding,
stained with Harris hematoxylin and eosin (HE), and sealed with
a neutral gum. Observation of the morphological structure of the
intestine was conducted under a photomicroscope (Nikon
YS100, Japan).

lllumina Library Preparation

and Sequencing

DNA from the samples was isolated using Quick-DNA"™ Universal
Kits (Zymo Research, USA) following the manufacturer’s
instructions. To study the structure and diversity of the bacterial
communities in samples, a protocol reported previously was used
(Caporaso et al.,, 2010). PCR amplifications were performed with the
515f/806r primer set (5-GTGCCAGCMGCCGCGGTAA-3" and 5-
GGACTACHVGGGTWTCTAAT-3, accordingly) that amplifies
the V4 region of the 16S rRNA gene. DNA was amplified
according to a protocol reported previously (Magoc and Salzberg,
2011). Sequencing was performed on an Illumina Hiseq2500
PE250 platform.

FLASH constructed pairs of reads from the original DNA
fragments (Edgar, 2013). Sequencing reads were assigned to each
sample following the unique barcode of each sample. Sequences
were analyzed with the QIIME2 and UPARSE pipeline. The
OTUs sequence was annotated based on SILVA138 SSUrRNA
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database (http://www.arb-silva.de/), and the community
composition of each sample was calculated according to the
obtained taxonomic information.

Statistical Analysis

Alpha diversity was calculated using Simpson and Shannon indices
with the VEGAN package in R (version: 3.6.0). Weighted UniFrac
distances were calculated in GUniFrac to evaluate beta diversity.
Principal coordinate analysis (PCoA) was conducted for beta
diversity with the R (version: 3.6.0) package Ape. A phylogenetic
tree was constructed using FastTree (version 2.1). Discriminatory
analysis of taxonomic groups among different groups was
conducted by a Kruskal-Wallis test with R (version: 3.6.0).

RESULTS

Diet Affected the Dominant Microbial Taxa
of the Intestinal Microbiota of Tilapia

The tilapia intestinal microbiota was characterized under diet
changes during the larval to juvenile stages in Experiment I. Diet

and environment were held constant during the early juvenile
stages (15, 20, and 40 dpf). Dry food was added to the diet after
40 dpf to avoid individual variance in growth, and then fish of a
mid-juvenile stage (60 dpf) were sampled. Tilapia were fed only
dry food after 60 dpf, and after that, fish of a late-juvenile stage
(90 dpf) were added to compare gut microbiota (Figure 1). In
Experiment I, tilapia were divided into two groups, and within
each group, diet and environment were kept constant during the
whole experiment. In both experiments, sequencing depth was
all > 50000 sequences per sample. The Shannon and Simpson
diversity indices showed that larvae before feeding (11 dpf) had
higher bacterial diversity than those at other stages, and the
bacterial diversity decreased with the development of tilapia
(Figure 2). In Experiment I, significant differences were found
between 11 and 20 dpf of both the Shannon and Simpson
diversity indices (p < 0.05).

These changes in community diversity were accompanied by
large changes in the phylum-level composition of fish before
feeding (11 dpf) and fish fed different diets (15, 20, 40, 60,
and 90 dpf), with especially significant differences in the
composition of Planctomycetes in Experiment I (Figure 3A).

method =kruskal p =0.0085**

method =kruskal p =0.0086**

shannon diversity
©

method =kruskal p =0.0131*

shannon diversity

=

4 E i

e
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118 2081 2082 4081 4082  60-B1  60-82  90-B1  90-82
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simpson diversity
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FIGURE 2 | Alpha diversity measures at the OTU level. (A) Shannon index for Experiment | (n=3), (B) Shannon index for Experiment Il (n=3), (C) Simpson index for
Experiment | (n=83) and (D) Simpson index for Experiment Il (n=3). *p < 0.05, **p < 0.01.
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B2 represent tilapia at 20, 40, 60 and 90 dpf fed PBD food, all with three duplicates.

FIGURE 3 | Taxonomic composition of the microbiota community at the phylum level. (A) Experiment | and (B) Experiment II. (A): 11-A, 15-A, 20-A, 40-A, 60-A and
90-A represent tilapia at 11, 15, 20, 40, 60 and 90 dpf with three duplicates; FE represents dry feed sampled when tilapia at 40 and 60 dpf; A represents Artemia
sampled when tilapia at 15 and 20 dpf with two duplicates; W11, W15, W20, W40, W60 and W90 represent water sampled when tilapia at 11, 15, 20, 40, 60 and
90 dpf. (B): 11-B represents tilapia at 11 dpf; 20-B1, 40-B1, 60-B1, and 90-B1 repesent tilapia at 20, 40, 60 and 90 dpf fed Artemia; 20-B2, 40-B2, 60-B2, and 90-

Others
Acidobacteria
Spirochaetae
Chlamydiae
Cyanobacteria
Verrucomicrobia
unclassified
Actinobacteria
Firmicutes
Planctomycetes
Fusobacteria
Bacteroidetes
Proteobacteria

Candidatus_Azambacteria
Lentisphaerae
Chiorobi
Gracilibacteria
Acidobacteria
Fibrobacteres
Synergistetes
Therotogae
Tenericutes
Nitrospirae
Spirochaetae
Saccharibacteria
Cyanobacteria
Parcubacteria
Armatimonadetes
Deinococcus-Thermus
Verrucomicrobia
Chlamydiae
unclassified
Chioroflexi
Actinobacteria
Bacteroidetes
Fusobacteria
Planctomycetes
Firmicutes.
Proteobacteria

Planctomycetes were the most abundant phylum of bacteria in
larval fish (11 dpf), followed by the mid-juvenile fish (60 dpf)
in Experiment I, and were particularly abundant in larval
intestines along with water samples. In Experiment II, the
relative composition of the phylum Planctomycetes also
decreased after fish started feeding (20 dpf), except in one fish
sample that was fed with PBD food (Figure 3B). The relative
abundance of the phyla Planctomycetes and Proteobacteria was
higher in juvenile fish (40, 60 and 90 dpf) in the PBD-food
feeding group than in the Artemia feeding group. The relative
abundance of Fusobacteria increased after fish started feeding
(15 dpf) in Experiment I and showed a marked increase in the
juvenile fish (60 and 90 dpf) of the Artemia feeding group in
Experiment II. We noticed a high abundance of Fusobacteria

OTUs within those intestines (20, 40, 60, and 90 dpf in
Experiment I; 60 and 90 dpf in Experiment II), with the large
proportion of these OTUs (> 98%) being classified in the genus
Cetobacterium. In Experiment I, Proteobacteria and
Bacteroidetes were abundant in all Artemia and water samples,
which did not always show high abundance in intestinal
samples (Figure 3A).

Nine genera, including Bacillus, Bosea, Cetobacterium,
Gemmata, Gemmobacter, Paracoccus, Planctomyces,
Plesiomonas, and Singulisphaera, were identified as core
microbiota of the larval and juvenile tilapia intestine in both
experiments. In the present study, core microbiota were genus
identified in all the tested samples, whose relative abundance
was more than 1% in at least one sample (Table 2). Additionally,
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TABLE 2 | Core microbiota of the intestine of larval and juvenile tilapia at the genus level.

Core microbiota in both the Experiments

Bacillus Acidovorax
Bosea Afipia
Cetobacterium Aquicella
Gemmata Comamonas
Gemmobacter Flavobacterium
Paracoccus Isosphaera
Planctomyces Macellibacteroides
Plesiomonas Mycobacterium
Singulisphaera Romboutsia

Shinella

Vibrio

Core microbiota only in Experiment |

Core microbiota only in Experiment Il

Anoxybacillus
Bacteroides
Blautia
Enterococcus
Faecalibacterium
Fusicatenibacter
Herpetosiphon
Hyphomicrobium
lamia

Kaistia
Lachnoclostridium
Lactobacillus
Legionella
Mesorhizobium
Methylibium
Parabacteroides
Pirellula
Pleomorphomonas
Pseudoxanthobacter
Reyranella
Rhodobacter
Uruburuella
Variibacter

11 and 23 core genera were found in the intestines of samples in
Experiment I and Experiment II, respectively.

Variation in Microbial

Community Composition

Despite the genetic similarity of the tilapia, the composition of
microbial intestinal communities displayed a variation among
fish since the start of feeding, as calculated by the UniFrac
distance (Figures 4A, B). In Experiment I, communities
associated with individual tilapia showed a higher similarity to
communities associated with tilapia of the same age than they
were to those associated with tilapia of different ages (Figure 4C).
In Experiment II, most of the fish fed the same diet clustered
together (Figure 4D).

Discriminatory Taxa at the Genus Level

To identify taxonomic groups associated with the feed of tilapia, a
nonparametric test of significance implemented by Kruskal-Wallis
was used. The top 20 genera identified as discriminatory taxa are
shown in Figure 5. In Experiment I, 15 dpf age tilapia, which had
begun feeding on Artemia, showed a large presence of the genus
Cetobacterium. In Experiment II, this genus showed high relative
abundance in the Artemia feeding group for 60 and 90 dpf tilapia
(all p < 0.05). Genus Planctomyces was present in 11 dpf age tilapia
in both experiments. Its relative abundance in the 60 dpf age
tilapia whose feed had added dry food was high in Experiment I,
which was significantly higher than in the 15, 20, 40, and 90 dpf
age fish (all p < 0.05). The relative abundance of the genus
Planctomyces was higher in all the PBD groups than in the
Artemia-feeding group for all the age tilapia, with significant
differences between the two groups of 60 dpf age (p < 0.05).
Gemmobacter and Pirellula were significantly more abundant in
fish fed the PBD food diet for all age tilapia. For Pirellula, its

relative abundance was significantly higher in the PBD-feeding
group for 90 dpf fish (p < 0.05). If only the effect of diet was taken
into account, Cetobacterium was significantly higher in the
Artemia-feeding group than the PBD-feeding group (p < 0.01)
(Figure 5C). While several genera, including Rhodobacter,
Gemmobacter, Pirellula, Planctomyces, and Gemmata were
significantly higher in the PBD-feeding group (all p < 0.05).

Intestinal Structure of 20 dpf and 40

dpf Tilapia

Microphotographs showed that smooth muscle layers were easily
separated from the lamina propria, and villi were damaged in the
fish intestine of the PBD-feeding group in Experiment
II (Figure 6).

Cumulative Overall Survival Rate

No death of fish was recorded in Experiment I. In Experiment II,
no death of fish was recorded in the Artemia-feeding group. The
fish in the PBD-feeding group died from 23 dpf until 41 dpf
(Figure 7). The cumulative overall survival rates from 41 dpf to
90 dpf in the three PBD-feeding tanks were 93.57%, 94.29%, and
95.00%, respectively. The cumulative overall survival rate of the
Artemia-feeding group was significantly higher than that of
PBD-feeding group (p < 0.05).

DISCUSSION

Under the standard laboratory feeding operation of tilapia, the
microbiota composition of fish changed with the development of
fish even when the feed and environment remained constant (15
dpf, 20 dpf, and 40 dpf), suggesting that fish physiological
development has impacts on the microbiota. This is consistent

Frontiers in Marine Science | www.frontiersin.org

June 2022 | Volume 9 | Article 926132


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Wang et al.

Diet Affected Tilapia Gut Microbiota

PCoA

. - i .
H ®15A
; a20a
. i @04

90-A

PC2(28.26%)

PC1(43.15%)

| 1A
| 15A S
20-A Ewru
| 40A 40-A3
@ 60-A
o %A

11-A1

E 11-A-2

11-A3

15-A-1

15-A-2
15-A-3

r T T T 1
0.4 03 0.2 0.1 0.0

Experiment Il according to the weighted UniFrac distance metric.

with research on zebrafish (Stephens et al., 2016). They suggested
that the main drivers of changes in the microbiota were
morphological changes during development. For tilapia, the
ratio of intestine length to body length increases with the
development of fish (Hu and Zhang, 1983). When the water
temperature was approximately 27°C, tilapia larvae developed to
juvenile at 12 dpf (Fujimura and Okada, 2007). The ratio of
intestinal length to body length was 1.02, 1.34, and 1.53 for
tilapia at 14, 18, and 23 dpf, respectively, with four curvatures.
Then, the intestine of tilapia developed into five curvatures at 24
dpf. The intestine of 57 dpf juveniles developed seven curvatures.
The preferred food of pond tilapia changed with the
development of the fish intestine, from zooplankton to plant-
based food. In the present research, the microbiota composition
of tilapia fed Artemia changed with development as well,
although similar results were not found in tilapia fed with PBD
food. We found that tilapia fed with PBD food died from 23 dpf
to 41 dpf, suggesting that PBD food was not completely suitable
for tilapia during the early juvenile stages. This result was
supported by the unhealthy intestinal structure of fish at 20
dpf and 40 dpf in the PBD food group. We found that the
microbiota of fish intestines did not simply reflect the microbiota
in their habitat or feed but was closely related to species-specific
behavior, metabolism, and immunity, which were linked to both
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FIGURE 4 | Beta diversity measures at the OTU level. (A) PCoA plot using beta-weighted UniFrac of Experiment I. (B) PCoA plot using beta-weighted UniFrac of
Experiment II. (C) Clustering of intestinal samples from Experiment | according to the weighted UniFrac distance metric. (D) Clustering of intestinal samples from

their development and diet (Stephens et al., 2016; Zhang et al.,
2018). The intestinal microflora of tilapia becomes established at
the early juvenile stage, approximately 2 months after hatching.
Similar results were reported for goldfish (Carassius auratus)
(Sugita et al., 1988).

To understand the effect of diet on the developmental stage-
specific gut microbiota composition and diversity, tilapia were fed
two different diets since they started feeding. We observed major
compositional shifts in the two diet groups. The main intestinal
microbiota of tilapia larvae before feeding at the phylum
level included Proteobacteria, Firmicutes, Actinobacteria,
Planctomycetes, Fusobacteria and Bacteroidetes. The relative
abundance of Proteobacteria was high (38.0%-53.8%) in the two
experiments. Fusobacteria became the dominant phylum for 90
dpf fish under standard laboratory feeding operation and under
Artemia feeding condition. Planctomycetes was the dominant
phylum for 90 dpf fish fed with PBD food. Similarly, research on
the first-feeding impact on the intestinal microbiota of rainbow
trout (Oncorhynchus mykiss) showed that the plant-based diet
favored the phylum Firmicutes, whereas the marine-based diet
favored the phylum Proteobacteria (Ingerslev et al., 2014). In
research on the effect of feeding a high carbohydrate diet to
juvenile Atlantic salmon (Salmo salar) on intestinal microbiota
composition, the phylum Planctomycetes was significantly
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increased (Villasante et al.,, 2019). They suggested that the effect of
diet on the structure of gut microbiota was low. It is possible that
juvenile fish possess a gut microbiome that is more resistant to
dietary changes. In the present research, we also found that
feeding habit transition (60 dpf and 90 dpf) had little impact on
the gut microbiota composition of juvenile tilapia under standard
laboratory feeding operation.

Previous research reported that anaerobic metabolism existed
among all major Planctomycetes lineages and that
Planctomycetes used fermentations of carbohydrates for
growth and survival under anaerobic conditions (Elshahed
et al,, 2007). An increase in these microbial communities
fermenting digestible carbohydrates under anaerobic

conditions in the intestine was found in tilapia fed the PBD
food diet. Similarly, at the genus level, Gemmobacter, Pirellula,
and Planctomyces were significantly more abundant in fish fed
the PBD food diet. They are members of Planctomycetes
and have been described to be capable of carbohydrate
fermentation (Schlesner and Stackebrandt, 1986; Ward et al.,
2015; Hao et al., 2016). Pirellula was a dominant genus for tilapia
(Zheng et al., 2019) and cyprinid fishes such as bighead carp
(Hypophthalmichthys nobilis) and common carp (Cyprinus
carpio) (Sakalli et al., 2018; Luo et al.,, 2021). Gemmobacter was
revealed to be dominant in the gut of freshwater fish, including
Nile tilapia (Deng et al., 2022) and common carp (Zhang et al.,
2020). Gemmobacter were significantly enriched in the intestinal
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microbiota of blunt snout bream after plants were added to the
diet (Wei et al., 2018). The increase in the relative abundance of
Gemmobacter in fish fed PBD food could be due to their ability to
degrade carbohydrates (Hao et al., 2016).

Cetobacterium, belonging to the phylum Fusobacteria, was a
core microbe in the freshwater fish intestine (Sugita et al., 1991;
Roeselers et al., 2011; Deng et al., 2022) and was involved in the
fermentative metabolism of peptides and amino acids (Finegold
et al., 2003). Under standard laboratory feeding conditions,
Cetobacterium was the dominant genus from 20 dpf to 90 dpf.
Cetobacterium was dominant in 60 dpf and 90 dpffish fed Artemia.
In research on gut microbiota composition in blunt snout bream
during feeding habit transition, Cetobacterium was considered a
microbiological marker of intestinal microbiota for zooplankton-
based diet feeding (Wei et al., 2018). In previous research, it was
shown that the dominant food of 24 dpf juvenile tilapia in ponds is
zooplankton (Hu and Zhang, 1983). The proportion of
phytoplankton increases with fish development. Under standard
laboratory feeding operation, we added dry food to the fish diet
beginning at 40 dpf. However, Cetobacterium was still dominant
after fish were fed dry food. This could be because of the ability of
Cetobacterium to utilize glucose (Wang et al., 2021). Previous
research also found that Cetobacterium was a core microbiota of
wild juvenile Nile tilapia, although they preferred plant-based food
at that age (Tesfahun and Temesgen, 2018; Bereded et al., 2020;
Bereded et al,, 2021). Additionally, Cetobacterium was the main
genus constituting the phylum Fusobacteria. This explained the
high relative abundance of Fusobacteria in the intestine for 90 dpf
fish under the standard laboratory feeding condition and under the
Artemia-feeding condition.

We conclude that diet has a strong effect on the microbiota of
tilapia intestine in the early life of fish. The intestinal microflora
of tilapia is established approximately 2 months after hatching.
Plant-based food negatively affected the survival rate and
intestinal development of tilapia. The relative composition of
the phyla Planctomycetes and Proteobacteria was higher in
juvenile fish in the PBD food group than in the Artemia
group. The relative abundance of Fusobacteria was higher in
the juvenile fish of the Artemia group than in those of the PBD
food group. Feeding habit transition in juvenile tilapia had a low
effect on the microbiota of the intestine under standard
laboratory feeding conditions. Our results provide useful
information for future studies on the microbiota in the tilapia
gut. We suggest that modulation of gut microbiota of tilapia
could be performed in their early life.
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